Fifty-one Rahnella aquatilis and R. aquatilis-like strains from water, snails and human sources were characterized by routine biochemical tests, carbon source utilization tests, DNA relatedness (hydroxyapatite method) and 16s rRNA sequencing. The results of the genetic methods indicated that the strains comprised three closely related species within the genus Rahnella. It was not possible to differentiate R. aquatilis from the two newly recognized species. The new species were therefore given the vernacular names Rahnella genomospecies 2 and Rahnella genomospecies 3.
INTRODUCTION
Two new Rahnella genomospecies that cannot be phenotypically differentiated from Rahnella aqua t i i s human sources, especially from immunocompromised patients (1, 5, 6, 12, 14, 16, 18, 22, 27-29, 33, 34) .
Between 1984 and 1988, Muller et al. (30) (31) (32) cultured the intestinal contents of snails, slugs and earthworms for Enterobacteriaceae. Among the 2446 isolates obtained were a number of new species of Buttiauxella and Kluyvera, as well as other infrequently seen species, including Ewingella americana and Serratia fonticola (30) (31) (32) , and nine strains that resembled R. aquatilis. In this report, we present the phenotypic and genotypic data used to characterize these Rahnella-like strains, as well as human and water isolates. Three DNA hybridization groups (genomospecies) were evident, one of which corresponded to R. aquatilis. The two new genomospecies could not be phenotypically differentiated from R. aquatilis with certainty and are therefore described, but not formally named. DNA hybridization. The methods used to prepare, isolate and purify labelled and unlabelled DNA, the method used for DNA reassociation, and the method used to separate singlestranded and double-stranded DNA on hydroxyapatite have been described previously (3) . DNA relatedness was determined at optimal (60 "C) and, on selective strains, at stringent (75 "C) reassociation criteria (Table 2) . Percentage divergence was calculated to the nearest 0-5 YO.
165 rRNA gene sequencing. DNA was purified as previously reported (3). Purified genomic DNA was diluted to 1 pg ml-l in sterile water. Ten microlitres of the diluted DNA was used in a 100 p1 PCR containing 200 pM dNTPs, 1 mM MgCl,, 1 x PCR buffer I1 (Perkin-Elmer), 0.1 pM fD1 primer, 0.1 pM rD1 primer, and 2.5 U AmpliTaq DNA polymerase (Perkin-Elmer). The primers fD 1 and rD 1 were originally described by Weisburg et al. (41) as suitable for amplifying the 16s gene of many eubacteria. We omitted the linker sequences from the primers as previously described (7) . The parameters for the amplification were: 94 "C for 5 min; 35 cycles at 94 "C for 15 s, 50 "C for 15 s and 72 "C for 1.5 min; followed by a 72 "C extension for 5 min before cooling to 4 "C.
The results of the PCR reaction were checked by running 10 p1 from each reaction on a 1 % agarose gel. The 16s DNA was then purified and concentrated by using a High Pure PCR Purification kit (Boehringer Mannheim). The concentration of the 16s PCR product was determined by using a Fluorescence Concentration Analyzer (IDEXX Laboratories). Sixty nanograms of PCR product was used for each sequencing reaction. The sequencing reaction consisted of 16s DNA, 8 pl ABI PRISM from the dye terminator cycle sequencing ready reaction kit (Perkin-Elmer) and 3.2 pmol primer and was made up to 20 p1 with sterile water. The primer set used for sequencing was derived from those designed by Stackebrandt & Charfreitag (37) . The manufacturer's instructions for the cycle sequencing kit were followed for the thermal cycler conditions. The extension products from each sequencing reaction were purified through a Centrisep column (Princeton Separations) and dried in a vacuum centrifuge for 20 min.
The sequencing reactions were resolved on a 5 % acrylamide/8M urea gel electrophoresed on an ABI 373s automated sequencer (Perkin-Elmer). The sequence data were edited and compiled using the Genetics Computer Group (GCG) Sequence Analysis Package (University of Wisconsin, USA). Rahnella 16s rRNA sequences were aligned with 16s sequences from GenBank using the GCG program PILEUP and the multiple sequence file was edited by hand. The edited alignment was used in PHYLIP (version 3.5, J. Felsenstein, University of Washington, Seattle, USA) to derive a phylogenetic dendrogram using the nucleotide substitution model of Jukes & Cantor (26) and the neighbour-joining method of Saitou & Nei (35) . The plotfile from PHYLIP 3.5 was reformatted for the HP Laserjet 4 printer with PRINTGL software (Ravitz Software).
The GenBank accession numbers for the 16s rRNA sequences are U88434U88439, U90757 and U90758. GenBank sequences for five strains deposited as R. aquatilis (GenBank accession nos X79936X79940 corresponding to strain nos 334, 2-87, 339, ATCC 33989 and 3-88, respectively) were used in the dendrogram.
Biochemical characterization. Routine biochemical tests were carried out at the Staatliches Medizinaluntersuchungsamt (SM), Braunschweig, Germany, at the Centers for Disease Control and Prevention (CDC), Georgia, USA, and at the Just us-Liebig-Universi tat (JLU), Giessen, Germany. At the SM, tests were done as described previously; reactions were incubated at 30 and 36 "C, and results were recorded at 48 h and 7 d (30) . At CDC, tests were done as described previously; reactions were incubated at 35 "C, unless noted (see Table 3 ), and results were recorded at 48 h and 7 d (8, 21) . At the JLU, reactions were incubated at 35 "C and results were recorded at 48 h as described previously (20,39).
The results obtained at all institutions are shown in Table 3 . Carbon source utilization tests and qualitative enzyme tests were done at the JLU using microtitre plates as described previously (30, 39) .
RESULTS

DNA relatedness
DNA relatedness among R. aquatilis and R. aquatilislike strains was determined using radiolabelled DNA from the type strain of R. aquatilis (CDC 1327-79 = CUETM 77-115 = ATCC 33071) and from two R.
aquatilis-like strains. Three DNA relatedness groups or genomospecies were evident. The R. aquatilis genomospecies contained the labelled type strain (a water isolate from France), two additional cultures of the type strain from different culture collections, nine of the remaining 10 original water isolates from France, a water isolate from the United States, three human isolates and four strains of unknown origin (Table 2) . Mean relatedness among these strains was 88 YO in 60 "C reactions, with a range of 72-100 YO. Mean divergence within related sequences was 3.5 YO, with a range of 0-0-7.0Y0, and mean relatedness in 75 "C reactions was 81 YO, with a range of 60-100 YO. The R. aquatilis type strain was 70 YO related, with 8 YO divergence, to 30 strains subsequently designated genomospecies 2 (see below) in 60 "C reactions, and 50% related to them in 75 "C reactions. The type strain was 64 YO related with 9 YO divergence at 60 "C and 48 YO related at 75 "C to strain DSM 30078, which was subsequently designated genomospecies 3 (see below).
Labelled DNA from strain SM S7/1-576, a snail isolate, was highly related to a group of 29 strains that included the seven other snail isolates, one of the original French water isolates, two water isolates from the United States, 14 strains from contaminated stored human blood in Germany, one human isolate from the United States and four isolates of unknown origin. These strains were designated Rahnella genomospecies 2. Mean relatedness of strain SM S7/1-576 to other (4) . The dendrogram derived from the distance matrix is shown in Fig. 1 .
The eight Rahnella strains fell into three distinct groups (Fig. 1) 
Routine biochemical characterization
The biochemical test results for strains assigned to R . aquatilis (GS 1) and to GS 2 and GS 3 were obtained independently in three laboratories. The data obtained at CDC (9) are shown in Table 3 . Agreement of results obtained in the three laboratories was generally good, and results obtained for GS 1 strains were in close agreement with previously published biochemical profiles of R. aquatilis (10, 13). For GS 1, different results were obtained for ornithine decarboxylase (0 O/ O at CDC, 50% at SM) and methyl a-D-glucoside (0% at CDC, 25% at SM, and 75% at JLU). For GS 2, methyl a-D-glucoside was 0 % at CDC and JLU, and 70% at SM. A number of discrepancies was seen in reactions for the single strain (DSM 30078) in GS 3. This strain was methyl red-positive, citrate-negative, phenylalanine deaminase-negative, did not produce gas from D-glucose and was acetate-negative in tests at CDC, whereas the opposite results were obtained at SM (phenylalanine deaminase was delayed positive). In tests for acid production from carbohydrates, DSM 30078 was cellobiose-negative at CDC (positive at SM and JLU), raffinose-positive at CDC and JLU (negative at SM), and L-rhamnose-negative at CDC (positive at SM and JLU). GS 1 and GS 2 could not be differentiated on the basis of this battery of biochemical tests. GS 3 could be differentiated from GS 1 and GS 2 on the basis of its positive D-arabitol reaction and its negative dulcitol reaction.
Carbon source utilization and hydrolysis tests
Strains were tested for their ability to utilize a battery of carbohydrates and to hydrolyse a battery of substrates (Table 3) . No test or test battery served to differentiate GS 1 and GS 2 strains. A combination of utilization of L-histidine, L-ornithine and L-proline, and hydrolysis of L-proline-pNA appears to be helpful. GS 3 is separable from GS 1 and GS 2 strains on the basis of its negative reactions in tests for the utilization of DL-lactate and ~-glutamate-z-3-carboxy-pNA.
DISCUSSION
Since its recognition from water isolates in 1976 (13) and its description in 1979 (25), R. aquatilis has been isolated from a relatively large number of environmental and human sources (1, 2, 5 , 6, 8, 10, 12, 14, 16-20, 22-24, 27-29, 33, 34, 36). Our isolates from snails enlarge its habitat still further. Our DNA relatedness studies were designed to confirm the identity of these and other unusual isolates from molluscs. To our surprise, strains with the biochemical profile of R. aquatilis were in three separate DNA relatedness groups or genomospecies.
GS 1 consisted of 20 strains, including three separate cultures of the R. aquatilis type strain. It therefore corresponded to R. aquatilis. Seventeen of these strains conformed fully to the molecular definition of a bacterial species as a group of strains whose DNAs share at least 70% relatedness at optimal criteria for DNA reassociation (60 "C reactions in this study), and whose related sequences show 5 % or less divergence (40) . The three remaining strains in GS 1, CDC 1 134-80, CCUG 21234 and CDC 1131-80, were 72-85% related to the type strain of R. aquatilis, with divergence within related sequences of 6.0-7-0 % . Their relatedness to the type strain of R. aquatilis at stringent reassociation criteria (75 "C reactions in this study) was 60-63 YO. In our laboratory, we consider 60 YO or greater relatedness at stringent reassociation criteria to also represent species level relatedness. We tend to place strains that fulfil at least two of the three criteria for species level relatedness within the species. Re- ciprocal DNA relatedness tests using type or reference strains for GS 1 and GS 2 and a stringent, 75 "C incubation temperature serve to separate all strains placed in these genomospecies. It is possible that strains CCUG 21234 and CDC 113 1-80 represent a fourth Rahnella genomospecies. However, for the reasons stated above, and for convenience pending study of further strains, these strains were provisionally included in GS 1.
Thirty strains were placed in GS 2. All but two of these were 83 YO or more related with 2 YO or less divergence within related sequences. The two other strains were at the border of species level relatedness (73-74% relatedness at 60 "C, 54-55 % divergence, and 68-74 % relatedness at 75 "C) and were included in GS 2. All 14 Bonn strains were isolated from contaminated stored blood. It is possible that they represented multiple isolates of a single strain. If this were true, their inclusion does not significantly skew the data since almost all other GS 2 strains show comparable levels of relatedness to the labelled GS 2 reference strain, as do the Bonn strains.
Mean relatedness of the 20 GS 1 strains to labelled DNA from a GS 2 strain in 60 "C reactions was 56% with 8 YO divergence. In reciprocal reactions at 60 "C, GS 2 strains were 64-81 YO (70% mean) related to labelled DNA from GS 1; however, the mean divergence was 8 YO. Relatedness of each of these strains to labelled DNA from a GS 2 strain was significantly higher, and divergence was significantly lower. In 75 "C reactions, GS 1 strains were 81 YO interrelated compared to 48% relatedness to GS 2 strains. Reciprocally, GS 2 strains were 91 YO interrelated at 75 "C, compared to 49% relatedness to GS 1 strains. We therefore felt justified in designating the GS 1 and GS 2 strains as separate species. One strain, DSM 30078, was not related to either GS 1 or GS 2 at the species level. It was therefore designated GS 3.
One of the two strains (CCUG 21234) provisionally lnterna tional Journal of Systematic Bacteriology 48 placed in GS 1 was sequenced. It grouped in GS 2, showing 98.0&98-14% similarity to GS 1 strain sequences and 99-18-9945 YO similarity to GS 2 strain sequences. It is possible that its grouping at the species level on the basis of sequence is misleading, as has been seen on several occasions with other genera (1 1, 38) . Perhaps the grouping of CCUG 21234 with GS 2 strains indicates a back-mutation or recombinational event in the 16s rRNA gene. The more likely of these two possibilities is the recombinational event. In a 26 base region beginning at position 454 [E. coli numbering system (4)] the GS 1 strains differ from the GS 2 strains by nine bases. Strain CCUG 21234 is 100 % homologous to all of the GS 2 strains in this variable region.
The level of relatedness, in excess of 40 YO, between the three genomospecies was compatible with placing them in the single genus Rahnella. This conclusion was strongly confirmed by their high level of 16s rRNA similarity and supported by their extremely similar biochemical profiles. 16s rRNA sequence studies confirmed the existence of three phylogenetic groups within the test strains and similar strains whose sequences had previously been deposited in GenBank. Further, the close relatedness between the sequences of the three 16s rRNA groups confirmed that they all were most closely related to one another and should remain in the single genus Rahnella. GS 1 corresponds to R. aquatilis, GS 2 should be referred to as Rahnella genomospecies 2 and GS 3 should be referred to as Rahnella genomospecies 3.
It should be noted that the five strain sequences previously deposited in the GenBank were all called R. aquatilis. The type strain was not included, and similarity values among the strains were 97.84-100-00%. Two of these strains, 2-87 and 3-88, group with our GS 2 strains (99.4&99-55 YO similarity). This observation again points out the fact that, while sequence differences of more than 3 YO are sufficient to exclude a strain from a species, it is prudent to do DNA hybridization on strains exhibiting 97% or greater sequence similarity before concluding that they belong to the same species (1 1, 38) .
It was not possible to identify GS 1 and GS 2 solely on the basis of their biochemical characteristics. It appeared that GS 3 could be identified biochemically but, since only one GS 3 strain is known, this observation is tentative. We hesitate to formally name genomospecies that cannot be differentiated biochemically. We therefore refer to them as Rahnella genomospecies 2 and Rahnella genomospecies 3.
Isolates from a variety of human sources have been identified as R. aquatilis. On the basis of our DNA relatedness data, we know that some of these strains were actually Rahnella genomospecies 2. Molecular identification of all clinical isolates would be required to attempt a determination of the relative clinical incidence and significance of R. aquatilis and Rahnella genomospecies 2. We do not know the source of the Rahnella genomospecies 3 strain. 
